Here we report two-dimensional (2D) single-crystalline holey-graphyne (HGY) created an interfacial two-solvent system through a Castro-Stephens coupling reaction from 1,3,5-tribromo-2,4,6-triethynylbenzene. HGY is a new type of 2D carbon allotrope whose structure is comprised of a pattern of six-vertex and eight-vertex rings. The carbon-carbon 2D network of HGY is alternately linked between benzene rings and sp (carbon-carbon triple bond) bonding. The ratio of the sp over sp 2 bonding is 50%. It is confirmed that HGY is stable by DFT calculation. The vibrational, optic, and electric properties of HGY are investigated theoretically and experimentally.
This report is expected to help develop a new types of carbon-based semiconductor devices with high mobility.
Tremendous efforts have been invested in research in the area of two-dimensional (2D) periodicity semiconducting devices. Recently, novel carbon allotropes such as fullerene,(1) carbon nanotube,(2) graphene,(3) graphyne (4) (5) (6) (7) (8) and graphdiyne (4) (5) (6) (7) 9) have been explored, due to their outstanding properties. Graphene research have made significant advances in modern chemistry and physics because of its fascinating properties (10) . However, the electronic structure of graphene has a limiting property for the use of semiconducting materials. Therefore, it is necessary to find a new type of 2D carbon allotropes that have exceptional semiconducting properties, such as band gap and high mobility. Herein, we report novel holey-graphyne (HGY), which is a new type of 2D carbon allotrope whose structure is comprised of a pattern of six-vertex and eightvertex rings hybridized Firstly, we investigated the structure information of HGY and its stability in terms of kinetic, mechanical and thermodynamics aspects. It shows an excellent stability, which are essential properties for the new 2D crystal (Fig. S8-9 and Supporting Text 1). For experimentally synthesizing HGY, we designed new synthetic route using Castro-Stephens coupling reaction (11) ( The morphologies of the HGY film were characterized by optical microscopy (OM) and scanning electron microscopy (SEM), as shown in Fig. 2a . The HGY film, with the lateral dimension up to several micrometers, is shown in Fig. 2a . Furthermore, the film was a flat sheet with a thickness of 5.3 nm by atomic force microscopy (AFM) characterization of HGY transferred on the Si/SiO2 substrate (Fig. 2b) . The 3D image of the HGY film is shown in Fig. S10 .
Transmission electron microscopy (TEM) was used to analyze the morphology and microstructure of the film. In addition, the crystal structure of the HGY was examined by X-ray diffraction (XRD) measurement. As illustrated in Fig. 2e , the (002) peak at approximately 24.5° for HGY indicates an interlayer spacing of 0.36 nm. Moreover, lattice fringe image of HRTEM ( Fig. 2f and 2g) reveals curve streaks with a lattice parameter of 0.36 nm, in good agreement with the XRD result of the (002) peak, which can be assigned to the spacing between carbon layers (Fig. 2h) . Fig. 2g showing the line profiles from the blue line indicate that the interlayer spacing between HGY layers is 3.60 nm. This value is slightly higher than that of graphene, (14) owing to the more delocalized system(15, 16) of HGY.
Different stacking modes result in significant variations in electronic and optic properties as compared to single layer 2D materials (17) . Here, the most stable mode of HGY is proved to be the ACB stacking mode. The side view and top view of ACB stacking modes are displayed in Figs.
2h and 2i, respectively. There have been various stacking modes to calculate the binding energies and band structures of (bi) tri-layer HGY using van der Waals corrected DFT (Fig. S12, Table S1 Supporting Text 2). The elemental composition and bonding structure were probed systemically with energy-dispersive X-ray spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS),
Fourier-transform infrared spectroscopy (FT-IR) and Raman spectroscopy. The survey spectra of XPS (Fig 2a and S13 ) indicate that the HGY is composed primarily of elemental carbon, with silicon and oxygen signals from the underlying SiO2 layer. The corresponding STEM-EDS maps ( Fig. 3b) show that the distributions of C, Br and O and atomic percentage of carbon and oxygen are 96.69% and 3.31%, respectively. Any peak of bromine is almost not found in EDS spectra and carbon is chiefly located on the film, which proves the completion of Castro-Stephens coupling reaction. The electron image and EDS analysis are shown in Fig. S14 , which is identical to the result of XPS. High-resolution XPS can discriminate the circumstance of an element. The C 1s peak at 284.8 eV is deconvoluted into four Gaussian sub peaks (Fig. 3a) , which are mainly contributions from sp 2 (C=C) at 284.5 eV and sp (C≡C) at 285.3 eV species. In addition, the abundance ratio of the sp/sp 2 carbon is 1.0, which is in good agreement with the chemical composition of the HGY structure
The sub peaks C-O and C=O, with minor contributions to C 1s peak, are located at 286.6 eV and 288.5 eV, respectively. The presence of elemental O derives from the absorption of air in the pores and the oxidation of terminal alkyne, which will cause some defects. Meanwhile, the HGY and monomer 1 were also analyzed by FT-IR spectroscopy (Fig. 3c) . In each measurement, the signal was normalized by the highest intensity peak. The C-Br stretching at 682 cm -1 and the C≡C- were not observed at all, indicating that all terminal alkyne residues of monomers were formed with π-conjugated network structures (19) , which agreed with the EDS data in Fig. 3b and Then, we investigate the electronic structure and project density of states (PDOS) of HGY. The three-dimensional energy band structure is shown in Fig. 4a . The conduction band and the valence band, two Dirac cones, have two equal vertices K and K' = -K points in the hexagonal Brillouin zone, with a similar valley symmetry to graphene (21) . In addition, the energy spectrum is electronhole symmetric (Figs. 4a and b) , where the scattering mechanism and transport properties are identical for electron and hole doping cases. Furthermore, the band dispersion arises mostly from the overlap of the carbon 2pz orbitals when we combine the band structure and PDOS (Fig. 4c) . It is clearly seen that HGY is a semiconductor with a direct gap of 0.5 and 1 eV at the K-point, respectively (me is the free electron mass), and can be calculated from the energy dispersion
Then, the elastic moduli (C) can be computed by performing lattice analysis and deriving the elastic constants from the strain-stress relationship, (22) which includes the contributions from distortions with rigid ions and the ionic relaxations, as shown in Table 1 Through dilation of the lattice along the x and y directions, the DP constant can be calculated as E1= /( ) along the x direction and E1= /( ) along the y direction.
To better understand the charge transport behaviors of HGY under the effective mass approximation and the electron-acoustic phonon coupling mechanism, Bardeen and Shockley derived an analytical expression for the intrinsic carrier mobility(23), which have been extensively applied to study μ in 2D(24-26) materials with the following equation:
Based on the obtained E1, C, and m * using Eq. 1, the acoustic phonon-limited mobility at room temperature (300K) and the relaxation time are calculated. The results are displayed in is also five times larger than that of electron which is 0.18 and 0.16 μs along x and y directions, respectively. Generally, graphene has high mobility due to the Dirac cone at the K point, which is the result of massless of electron and hole, which also attributes to the high mobility of HGY. It is important to understand why HGY has a small deformation potential (DP) constant. The DP constant can characterize the coupling capability between electron or hole with the acoustic phonon ( devices, all fabrication steps should be carried out in clean room and can be probed on clean and well -defined substrates, which will be reported elsewhere in the near future. 
